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The proposed phenomenological model comprises the continuity and transport equations for the referred-to 
mobile species in the unsteady-state. The main assumptions were described previously [5] and they are mainly 
related to the recombination pathway and mobile charge transport. The main electron loss pathway is assumed to be 
bulk recombination of the conduction band electrons with the holes in the valence band. Space-charge 
recombination as well as the remaining recombination mechanisms are neglected.[8] Mobile charge transport can 
take place via diffusion, which arises from concentration gradients, and migration, caused by a macroscopic electric 
field E due to inhomogeneous charge-carrier distributions in the illuminated cell. Effects of microscopic electric 
fields in the cell and screening effects, as well as Helmholtz and diffuse layers, are neglected. Thus, charge transport 
can be described with sufficient accuracy using diffusion constants Di computed based on the mobilities  of the 
species and using the Einstein relation.[9] 
The continuity equations for electrons, holes and hydroxyl ions are as described elsewhere:[5]  
 
 Electrons: 
2
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eqexe e e
inje e e e
n
n nn n ndED E n I e
x dx tx
                    (1) 
 Holes: 
2
02
xh h e h
injh h h h
n
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 Hydroxyl ions between 0  x  L: 
2
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injOH OH OH OH
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x dx t tx
              
(3) 
 Hydroxyl ions between L< x  b: 
                             (4) 
 
Changes in the model in terms of temperature and solar radiation dependence were implemented as described in 
the next section. In order to simulate the proposed effects in the PEC cell it is necessary to solve Equations (1)-(4) 
with the respective boundary and initial conditions.[5] The partial differential equations were spatially discretized 
using the finite differences method. The time integration was accomplished by LSODA,[10] a numerical package 
developed at the Lawrence Livermore National Laboratory. To simulate the I-V characteristic curves, the equations 
were solved for steady-state conditions (whenever the time derivative was smaller than a pre-defined value). 
 
2
2
b b b
bOH OH OH
OH OH OH OH
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x x dx t
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3. Results and Discussion 
The proposed model was experimentally validated [5] comparing the simulated I-V characteristic curve with the 
corresponding experimental results for a mesoporous undoped hematite photoanode by Cesar et al.[11] The hematite 
sample was prepared by atmospheric pressure chemical vapor deposition (APCVD) and the deposition time was 1 
min. The experimental data extracted from the work by Cesar et al.[11] were used for simulation purposes and are 
compiled in Table 1, together with other model parameters obtained from the literature and obtained by fitting the 
model to the experimental characteristic curves. 
Table 1 - Simulator input parameters. The values extracted from the literature are indexed to the corresponding 
reference, while parameters identified by “Fit” were obtained by fitting the model to the experimental I-V curves.  
Parameter Value Reference 
 1 M [11] 
A 0.5 cm2 [12] 
L 63 nm [11] 
b 1 cm Exp. 
 0.63 Exp. 
 1.0 Exp. 
 0.22 ns [11] 
 0.90 Fit 
 860 cm-1 [7] 
 0.50 [13] 
 1.0  10-4 mA cm-2 [13] 
 -0.828 eV [2] 
 0.402 eV [2] 
 1.23 eV [2] 
 50  Fit 
pH 13.6 [11] 
 
3.1. Temperature effect 
The energy bandgap of semiconductors tends to decrease with an increase in temperature. This arises from the 
fact that the interatomic spacing increases when the amplitude of the atomic vibrations increases, in this case due to 
the increase of thermal energy. This increased interatomic spacing decreases the potential seen by the electrons in 
the material, consequently reducing the size of the energy bandgap. This can be described by the Varshni model 
yielding the following expression for Eg as a function of the temperature T:[14]  
                         (5) 
where Eg(0) is the bandgap at 0 K, ’ is the limit of the gap entropy when T   and ’ is expected to be 
comparable with the Debye temperature D in a given material. The equation predicts a linear variation in the high 
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temperature regime and a quadratic dependence in the low temperature regime, both due to cumulative effects of 
lattice expansion and the electron–phonon contribution.[14] 
The Fermi-Dirac distribution function, also called Fermi function, provides the probability of occupancy by an 
electron at energy level E and in thermal equilibrium (at a constant temperature with no external injection or 
generation of carriers). The Fermi function is given by:[9] 
                          (6) 
The distribution is characterized by the temperature, T, and its Fermi energy, EF; kB is the Boltzman constant. For 0 
K conditions the Fermi energy can be thought of as the energy up to which available electron states are occupied. At 
higher temperatures, the Fermi energy is the energy at which the probability of a state being occupied is 0.5.[9] The 
dependence of the electron energy distribution on temperature also explains why the conductivity of a 
semiconductor has a strong temperature dependency. A semiconductor operating at lower temperatures will have 
fewer available free electrons and holes for charge transport. In fact, at higher temperature the intrinsic carrier 
population, nint – Equation (7) – increases. This effect is enhanced by the shrinkage of the band gap with increased 
temperature – Equation (5). 
                           (7) 
nint is the intrinsic carrier population, Eg is band gap energy, kB is the Boltzman constant and T is the temperature.  
Finally, mass transport is also favored by an increased temperature, as stated by the Einstein relation:  
                            (8) 
In the present model, there are a few parameters that depend on temperature. For one, the dark equilibrium 
electron density, neq, corresponding to the match between the electron’s Fermi level in the semiconductor and the 
redox potential of the electrolyte, is given by: 
                           
(9) 
The effective density of states of the conduction and valence bands, NCB and NVB, respectively, also depends on the 
temperature, according to:[9]  
                          (10) 
                    
 (11) 
The intrinsic carrier concentration, nint, is given by:  
                 (12) 
For undoped semiconductors the number of charge carriers is determined by the properties of the material itself 
instead of the amount of impurities. The corresponding macroscopic electric field E is related to the temperature by 
means of the Poisson equation:[15]  
2
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The electrolyte-platinum contact, described by the Butler-Volmer equation, is also temperature dependent: 
2 2
2
2
2
0 2
1
exp expH O H PtOHPtcell ref ref ref
B BH O H OH
n b n b n b nqnq
J J
k T k Tn b n b n b
                (14) 
 
In order to evaluate the temperature effect in the performance of the PEC cell, the continuity equations for 
electrons, holes and hydroxyl ions were solved for steady-state conditions. The parameters shown in Table 1 were 
used and the current density at 1.23 V was obtained for several temperature values – Figure 2. 
 
 
Figure 2 – Current-density dependence on temperature for the system described in Table 1. 
 
 
Figure 2 shows a quasi linear dependence between current-density and temperature. In fact, only the diffusivities 
and bandgap parameters exhibit a linear dependence on temperature, the other relations all being exponentials. Since 
a linear dependence is observed in the end, this means that the exponential relations of the different parameters 
cancel each other out. Indeed, this can be verified analyzing Equations (6), (7) and (9)-(14). Even though this linear 
increase dependence between current density and temperature is obtained, it is expected that for temperatures higher 
than 60 ºC the photoanode samples may become damaged due to external factors. This behavior is not predicted by 
the present model and so experimental work in this topic is strongly envisaged. 
3.2. The effect of sunlight variation 
The path of the sun across the sky varies throughout the year. Knowledge of the sun’s path through the sky is 
necessary to calculate the radiation falling on a surface at a specific moment. Since the environment in which a solar 
system works depends mostly on the solar energy availability, this should be analyzed in some detail. Therefore, the 
solar incidence angle and the amount of solar energy received have to be calculated for a given location. For the 
present study, Almeria, Spain, latitude 36.83º N, was chosen. The analysis was done for all seasons of the year 
(spring, winter, autumn, winter) during one solar day from 6:30 AM to 6:00 PM. 
The amount of solar energy per unit time, at the mean distance of the earth from the sun, received on a unit area 
of a surface normal to the sun (perpendicular to the direction of propagation of the radiation) outside the atmosphere 
is called the solar constant, Gsc (SI units W m-2). The solar constant comprises the entire solar spectrum and has a 
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Figure 5 – Current-density evolution for March 20th in Almeria from 6:30 AM to 6:00 PM. 
 
 
The maximum production of hydrogen gas occurs between 11:00 AM and 1:00 PM, solar time, being almost 
negligible before 8:00 AM and after 4:00 PM. On a day such as the 20th of March, an undoped hematite sample with 
an area of 0.5 cm2 produces 2.96 10-6 mol of hydrogen, when an external bias of 1.23 V is applied. This means that 
on this specific day, 1.33 LN m-2 of hydrogen is produced (if the atmospheric attenuation is neglected). For the 
location considered–Almeria, Spain–the average attenuation in March is around 40 %. Taking this value into 
account we arrive at an average of 0.80 LN m-2 per day. This is in fact a very low hydrogen production rate but using 
an optimized photoanode this production may be enhanced. 
 
4. Conclusion 
The present work describes a PEC cell dynamic phenomenological model using undoped hematite photoanode 
under outdoor conditions. Temperature and solar radiation variations during the day and the year are described. All 
the constitutive equations were presented as well as the simulation procedure. 
A linear-increase dependence between current-density and temperature was observed. However, it is expected 
that for temperatures higher than 60 ºC the photoanodes samples may become damaged due to non-modeled factors. 
Since this behavior was not modeled, experimental work in this topic will be developed in order to assess the effect 
of temperature in the stability of the photoanodes samples. 
The incident solar radiation varies during the day. This variation was simulated for 12 h of sun and the respective 
current-density and hydrogen production evolution in one day was obtained. The maximum production of hydrogen 
gas occurs between 11:00 AM and 1:00 PM, solar time, being almost negligible before 8:00 AM or after 4:00 PM. 
This calculation was developed for a specific example but can be performed for many other cases in order to 
optimize the production of hydrogen for a specific geographical region and for a specific time of the year. 
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Nomenclature 
A - Cell area, m2 
b - Cell thickness, m 
Ci - Concentration of specie i, M 
 - Diffusion coefficient of species i, m2·s-1 
 - Diffusion coefficient of species i in the liquid bulk, m
2·s-1 
 - Diffusion coefficient of species i in the liquid in the pores, m
2·s-1 
E - Macroscopic electric field, V·m-1 
ECB - Conduction band energy, eV 
Efb - Flat band energy, eV 
Eg - Band gap energy, eV 
 - Standard water reduction energy, eV 
 - Standard water oxidation energy, eV 
EVB - Valence band energy, eV 
GoH - 
Rate of solar radiation incident on the extraterrestrial horizontal surface at a given time 
of the year, W m-2 
Gon - Extraterrestrial radiation, W m-2 
Gsc - Solar constant, W m-2 
h - Planck constant, J·s 
h’ - Hour angle,º 
I0 - Incident photon flux corrected for reflection losses, m-2·s-1 
ji - Current density of specie i, A·m-2 
j0 - Exchange current density at Pt electrode, A·m-2 
kB - Boltzman constant, J·K-1 
L - Thickness of the semiconductor, m 
L’ - Latitude 
  Effective electron mass, kg 
n - Number of electrons transferred in the reaction 
ni - Density of species i, m-3 
iD
b
iD
L
iD
2 2
º
/H O HE
2
º
/O OH
E
*
e
m
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nint - Intrinsic carrier concentration, m-3 
 - Density of species i in the liquid bulk, m
-3 
 - Density of species i in the liquid in the pores, m
-3 
neq - Dark equilibrium electron density, m-3 
nref - Reference particle density, m-3 
N - Nth day of the year 
NCB - Effective density of states in the hematite conduction band, m-3 
NVB - Effective density of states in the hematite valence band, m
-3 
q - Elementary charge, C 
ROhmic - Ohmic resistance,  
T - Absolute temperature, K 
t - Time, s 
V - Bias voltage applied to the cell, V 
x - Coordinate, m 
   
 - Wavelength-dependent absorption coefficient, m-1 
’ - Limit of the gap entropy when T  , eV K-1 
 - Asymmetry parameter 
’ - Parameter comparable with the Debye temperature, K 
- Declination, º 
 - Statitc relative permittivity, F m-1 
p - Semiconductor film porosity  
0 
- Dielectric constant, adimensional 
inj - Electron injection efficiency 
Pt - Overvoltage at Pt electrode (cathode), eV 
 - Wavelength, m 
i - Mobility of species i, cm
2 V-1 s-1 
 -  Tortuosity 
 - Electron lifetime determined by back-reaction with , s 
D - Debye temperature, K 
G - 
Free energy for the overall cell reaction, J 
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Superscripts 
init - Initial conditions 
0+ - Point close to the photoanode 
0- - External point of the current collector 
   
Subscripts 
h+ - holes 
CB - Conduction Band 
CE - Counter-Electrode 
e- - Electrons 
TCO - Transparent conductive oxide 
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